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Dynamical correlations across the spin-state transition in LaCoQO;
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The electronic properties of LaCoQOj; across the spin-state transition are studied using the LDA+DMFT
method. Combining the local density approximation band structure of the Co 3d orbitals in the low-spin state
with multiorbital dynamical mean field theory for U=5 eV, we investigate the evolution of the single-particle
spectra at different spin states. We show that small differences in the orbital occupation can induce a smooth
spin-state crossover due to large dynamical renormalizations of the energy splitting between the 7,, and e,
manifolds. We find large changes in the one-particle spectra that are unique fingerprints of each of the possible
spin states. The key signature of the intermediate- and high-spin states is the presence of Hubbard satellites in
the 1,, spectral density. Further, our results for the paramagnetic metallic phase shows Kondo-like resonance in
the #,, sector, indicating the role of multiorbital Kondo screening processes in the high-spin state. These results
provide a theoretical basis for physics of room-temperature thermoelectric materials based on cobalt oxides.
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I. INTRODUCTION

LaCoOs; has been extensively studied due to very interest-
ing properties, most of them in connection with the insulator-
metal transition (IMT) induced by changes in temperature'-?
or doping concentration.>* Particularly interesting are the Sr
doped samples (La;_,Sr,Co03) which become ferromagnetic
for x>0.2.5 Furthermore, LaCoOj; exhibits gradual spin-state
transitions from nonmagnetic (semiconductorlike) at low
temperatures to a paramagnetic insulating state above 90 K
and to a metal above 500 K.!> These effects were proposed
to be driven by changes in the spin state of the Co** ion from
the low-spin (LS) state to an intermediate-spin state (IS) and
then to a high-spin state (HS). Such a new degree of freedom
is favored in cobalt oxides due to a very delicate energy
balance between the crystal-field energy and Hund’s cou-
pling.

Very subtle effects may cause the spin-state transition in
LaCoOs;; therefore, it is not surprising that its electronic,
magnetic, and transport properties are not completely under-
stood. X-ray diffraction data show a monoclinic distortion in
the LS and IS states, with increasing of the Jahn-Teller dis-
tortion on thermally activated Co** ions from LS-to-IS state.®
Magnetic susceptibility data’ show a maximum at about
100 K and a Curie-Weiss behavior at higher temperatures.
These experimental facts along with highly unusual proper-
ties in thermal expansion’ support a picture where the spin-
state transition is driven by thermal population of the e,
orbitals accompanied by a structural feedback of an increase
in the Co-O bond length.??

Hallmarks indicating the importance of multiorbital elec-
tron-electron interactions are seen in the optical- and one-
particle electron-spectroscopy measurements. With the in-
crease of the temperature or doping concentration, the optical
(conductivity) data change over a large energy range.’ Pho-
toemission spectrum (PES) and x-ray absorption spectrum
(XAS) reveal further proofs of the correlation-driven sce-
nario of the IMT in LaCoO;. Low-T data show spectral
weight around 1.2 eV binding energy with a large low-spin
Co*? contribution.">!” At higher temperatures, appreciable
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changes are observed in the PES spectra across the spin-state
transition, with a characteristic transfer of spectral weight
from high to low energies over a scale of almost 4 eV. This
implies a drastic rearrangement of the electronic states over a
wide energy range (see our results below). Similar effects are
also seen in the 1s XAS.! In these measurements, the low-T
spectra develop from a single contribution at about 1 eV into
two components for temperatures above 550 K. The origin
of this additional structure has been interpreted as a signature
of a mixed-spin state, where the Co 3d bands are split due to
crystal-field effects. In contrast to this interpretation, our re-
sults indicate that the lower energy component originates
from thermally activated carriers closing the Mott-Hubbard
gap in both 1,, and e, orbitals.

Many theoretical efforts have been made to understand
the spin-state transition''! in LaCoO5 (most of them based
on band-structure and cluster-model calculations), but the
underlying electronic structure across the spin-state transi-
tion has not been clarified. In particular, it is not clear how
important the role of the multiorbital electron-electron inter-
actions across the spin-state transition is. Is it the tendency to
increase the number of electronic degrees of freedom which
drives the transition? What is the specific relation between
temperature and the spin-state transition? Apart from a con-
sistent description of the experimental facts mentioned
above, a successful theoretical picture of the spin-state tran-
sition should address these questions systematically. In this
work, we discuss a theoretical scenario extending earlier
works!!1218-21 in the light of the above requirements.

Band-structure calculations combined with the fixed-spin-
moment (FSM) method have been used to determine the en-
ergy difference between the spin states.'® The FSM scheme
is based on the assumption that the total energy of the system
is minimized under the condition that the total spin moment
is fixed at a prescribed value.?!"*> Magnuson et al.,'® for ex-
ample, assume in their work that the constrained magnetic
moments of the Co*3 ion are 0 (LS), 2 (IS), and 4up/f.u.
(HS) to investigate the temperature-dependent resonant soft
x-ray spectroscopy of LaCoOs. Ab initio band-structure'd
calculations, including the LDA+ U (Ref. 12) approximation,
obtain spin-polarized spectral density in the IS and HS con-
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FIG. 1. (Color online) LDA partial density of states for the e,
(dotted) and t,, (solid) orbitals in the LS state taken from Ref. 20.

figurations. This result is problematic in view of the para-
magnetic nature of both IS and HS states. Furthermore, the
metallic solution obtained in Refs. 12 and 18 for the
insulating-IS state is also inconsistent with experimental
data, clearly indicating the importance of strong dynamical
electron-electron interactions in LaCoQOs. With these caveats,
in what follows, we analyze the effects of multiorbital Cou-
lomb interactions across the spin-state transition in LaCoOj.

To provide new insights into the mechanism which leads
to different spin states, we follow the FSM scheme keeping
the paramagnetic phase intact. Consistent with FSM ideas,
we will assume that a particular spin state is prescribed by
fixing the e, and f,, orbital occupations. We employ this
methodology within the LDA+DMFT?} scheme to analyze
the effect of multiorbital electron-electron interactions on the
single-particle spectrum. Good qualitative agreement with
inverse-photoemission spectrum (IPES) is obtained within
this picture. However, in view of our restriction to the 3d
sector, our work should be considered as the first step toward
a more detailed description of temperature-,'-? pressure-,>* or
light-induced? spin-state instabilities and mixed-spin-state
configurations?®2” in cobalt oxides.

II. MODEL AND SOLUTION

We start with the local density approximation (LDA) band
structure of LaCoO; in the rhombohedral structure corre-
sponding to the LS state.”’ The LDA density of states (DOS)
computed using experimental crystallographic data shows
very interesting one-particle features. First, a sharp peak just
below the Fermi level corresponding to the Co** LS configu-
ration is seen in the 7,, spectra in Fig. 1. In addition, the e
states are known to be strongly hybridized with the O 2p
orbitals producing a broader band about 12 eV wide. The
structures appearing near the bottom of the valence band in
both e, and 1,, spectra are covalent contributions originating
from Co—-O bonds in the distorted cubic structure. Finally,

PHYSICAL REVIEW B 77, 045130 (2008)

from the LDA DOS, one can compute the occupation of each
orbital in the LS configuration by integrating it up to the
Fermi level: n2¢=0.93 and n¢s=0.48. Note that the relatively
large occupancy of the e, is the signature of a highly cova-
lent ground state.

The one-electron part (LDA band structure) of the multi-
orbital Hamiltonian is

Hy= E Eaﬁ(k)cltagckﬁa- + E €iaolliao> (1)

kaBo iao

where a,B=ty,,e,, denoting the fivefold 3d sub-basis, with
triply degenerate #,, and doubly degenerate e, bands. We
shall notice that in view of large covalence effects, a corre-
lated ab initio description of the full many-body spectrum of
LaCoOj should in principle incorporate in a single picture all
relevant orbitals which come from O 2p and Co 3d bands.
However, as far as the spin-state transition is concerned, we
will consider only the Co 3d manifold in what follows. Ad-
ditionally, we will assume that orbital splitting in the 7,, and
e, sectors will have minor effect due to the strongly corre-
lated nature of the multiorbital spectra. To avoid double
counting of interactions already treated on the average by
LDA, we write

HEAO[;A - E eaﬂ(k)cltaa'ckﬁo' + E e?aoniaa’ (2)
kaBo iao
where e?m,= €ing— U(na(;— %) + %O'JH(n(w— 1),'6 with J,=(U
~U,p)/2 and U,U,g defined in the full many-body model
Hamiltonian

(0
H= HLD)A + UE NigNia| + E Ua,anaonzﬁO'

iafoa’

~J32 Sia- Sip- 3)
iaB

Cluster-model analysis of spectroscopic data gives U
=5.0 eV.''7 Given the uncertainty in the precise estimation
of U> we choose U=5eV, Jy=1.0¢V, and U' =U,g
=3.0 eV in the calculations below.

In the 3d sub-basis which diagonalizes the one-particle
density matrix, we have G,g,o(0)=08,50,, Gyo(w) and
2 poo (@)= 840,52 4o(w). The LDA+DMFT solution for
the paramagnetic and paraorbital phase involves replacing
the lattice model by a multi-orbital, asymmetric Anderson
impurity model and a self-consistency condition requiring
the impurity propagator to be equal to the local (k averaged)
Green function of the lattice, i.e.,

1
Ea[w’ Aa(w)] — €ka

1
- o+ u— Ea[w7Aa(w)] - Aa(w) ’

with A, (w) being the dynamical Weiss field for orbital a.
Further, since U,g scatters electrons between the Co 3d
bands, only the total number n,=2 n,=n, Sy, is conserved
in a way consistent with Luttinger’s theorem “To solve the
DMFT impurity problem, we use the iterated perturbation

1
G =—
o) N% 0+ u—

(4)
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theory (IPT), generalized to finite temperatures at arbitrary
fillings.”® The corresponding local self-energies 2 ,(w) are
computed within the multiorbital IPT (MO-IPT) scheme (see
discussion below),?° which account for the first few moments
of the spectral functions,*3! guaranteeing the correct low-
and high-energy behaviors of the Green’s functions, and are
solved self-consistently with respect to these constraints.

III. COMMENTS ON IMPURITY SOLVERS

The LDA+DMFT? is a suitable tool to describe the in-
terplay between strong multiorbital Coulomb interactions
and itinerance (LDA spectra) in real three dimensional com-
pounds. The central difficulty in this scheme is the choice of
an appropriate impurity solver to solve the multiorbital,
asymmetric Anderson impurity problem. Two ways have
been used with varying degrees of success: MO-IPT and
quantum Monte Carlo (QMC). The noncrossing approx-
imation®? and exact diagonalization® have also been used in
this context.

In this work, we use a multiorbital extension of IPT% to
solve the impurity problem of LaCoO5. This approach is
valid if the behavior of the multiorbital impurity problem is
analytic in U(U’): this is known to hold for the general
asymmetric version. The MO-IPT has the advantage of being
extendable to all temperatures, and the self-energies can be
extracted at modest numerical cost. It is understood that this
method is by no means exact, and calculations done for the
multiband Hubbard model?® show quantitative differences
with QMC results. However, direct comparison between
these two methods is not always possible within the multi-
orbital framework—the comparison between these two solv-
ers is feasible when the temperature is so high that QMC will
not have sign problems. Recently, we have made a few
attempts>* to compare our results with other recent works
which use QMC to solve the impurity problem of the DMFT
equations. As in the case of the one-band Hubbard model, we
found that the position of the lower and the upper Hubbard
bands as well as the Mott-Hubbard gap are all in good agree-
ment with the QMC calculations.

Let us recall that extensions of the one-orbital IPT to the
multiorbital case were attempted by different groups. In this
respect, Fujiwara et al.® did a systematic study on doping-
driven insulator-metal transition in doubly degenerated e, or-
bitals. Saso’® incorporated ideas developed by Yeyati et al.’’
to study the periodic Anderson model with N-fold degen-
eracy. Kotliar et al.”> have also implemented the IPT scheme
and, further, used it to account for the effect of electronic
correlations in multiband systems. The idea behind MO-IPT
is actually not new and it was introduced by Yeyati et al.’’
who developed it in the context of multilevel quantum dots.
This multiorbital version of the modified perturbation theory
for the single impurity Anderson model was further general-
ized to the lattice case by Pou et al.3' Thus, the (MO)-IPT is
clearly a well established tool, and it has been applied for a
wide variety of correlated electron systems with a nice de-
gree of success.

IV. RESULTS AND DISCUSSION

To proceed, we use the analogy between the FSM and the
constrained 1,, orbital occupation'*'® to derive the spin-state
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FIG. 2. (Color online) Partial density of states of the f), orbitals
for U=5.0 eV in the low-spin (solid), intermediate-spin (dotted),
and high-spin (dot dashed) states of LaCoOj.

transition. Within our LDA+DMFT scheme, we search for
the correct values of the fully renormalized atomic levels of
all 3d orbitals to ensure the most probable 7,, orbital occu-
pation of a particular spin-state configuration. To be consis-
tent with our input LDA DOS, we fix the total number of
electrons to n,~7.5.%° This value corresponds to the bare
(LDA) occupation of each Co atom in the LS phase. Here,
we will assume slightly smaller values for the IS and HS 1,,
orbital occupancies when compared with those obtained by
Korotin et al.'? Their constrained f,, orbital occupations are
0.83 (IS) and 0.675 (HS). Our choice is consistent with the
fact that LDA+U (Ref. 12) calculations gives larger 1,, or-
bital occupation than the LDA ones? for the LS state.

In our treatment, the 1,, electron energies €,, are self-
consistently adjusted to ensure the expected orbltal occupa-
tion of a particular spin state. In the course of this procedure,
we change the occupation of the #,, orbitals and monitor
their fully renormalized spectral functions along with the
changes in the single-site occupation of the doubly degener-
ated e, bands. More explicitly, we search for the correct val-
ues of the fully renormalized atomic energies [driven by
changes in the chemical potential u, see Eq. (4)] for different
values of the #,, occupation and fixed total number of elec-
trons n,. In doing so, we self-consitently adjust both the one-
site energy €, and the chemical potential u. Here, multior-
bital correlations have very important effects. Given a trial
value of €, and u, correlations in the system strongly renor-
malize the *bare energies due to multiorbital Hartree shifts
originating from U, U’, and Jy, leading to large spectral
weight transfer upon small changes in the orbital occupation.
The Green’s functions of the multiorbital problem for
LaCoO; [Eq. (3)] are solved self-consistently with MO-IPT
until we achieve convergence for the self-energies and the
orbital occupations.

In Fig. 2, we show our results for the partial #,, DOS in
the low-spin (LS tz e) intermediate-spin (IS: 1€ g) and
high-spin (HS: tzg g) states As one can see, the LS spectrum
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computed assuming the bare LDA value (n26=0.93) strongly
differs from the LDA results (see Fig. 1 for comparison).
First, due to strong multiorbital scattering processes, the nar-
row t,, band below the Fermi level (w=0) splits into two
subbands at —1.8 eV. The spectral density of the renormal-
ized valence band near the Fermi level and the peak at
0.85 eV binding energy are in good agreement with valence
band (PES) measurements in the LS state.!!

The IS spectra calculated at 7=0.01 eV=116 K (the tem-
perature where the LS-to-IS state transition is expected to
take place'®2*26) and n'2¢=0.93(1—1)=0.77 are accompanied
by large spectral weight transfer as compared to the LS case.
Interesting are the Hubbard satellites, which are never cap-
tured by LDA+ U or GGA + U calculations. As one can see in
Fig. 2, a large fraction of the spectral weight now appears at
the satellites at around -3 and 1 eV as well as at the
correlation-driven bonding state at energies about —5 eV.
While in the LS and IS states we observe a pseudogap fea-
ture near the Fermi level (in agreement with what is seen
from PES and/or IPES'?), the HS (n22=0.93 X §=0.62) re-
sults show clear signatures of multiorbital Kondo physics. In
particular, there are a narrow Kondo-like peak?® at the Fermi
level and two pronounced Hubbard satellites at high ener-
gies. According to our results, the width the Kondo peak for
T=0.04 eV is about 0.34 eV, indicating that the multiorbital
Kondo screening drives LaCoO; into an incoherent metallic
state. One should notice that the second component appear-
ing at T7=550 K in the spectra of Abbate et al.' has been
associated with the 1,, bands in the HS configuration. In this
respect, the Kondo-like response appearing in the metallic
HS state (Fig. 2) is the first theoretical evidence of the low-
energy component observed in PES and IPES experiments.'
Taken together, our results clearly exclude the simple sce-
nario of a rigid gap closing of a band insulator,'">!? in spite
of the nonmagnetic insulating ground state. Furthermore,
they underline the importance of multiorbital electron corre-
lations in LaCoOs.

We also observe large energy-scale changes of the e, one-
particle spectra. Figure 3 shows a clear Mott-Hubbard gap in
the LS state solution. Differently from the t,, spectra (see
Fig. 2), the e, charge gap is strongly reduced in the IS state.
In addition, apart from a clear broadening of the renormal-
ized spectra, the many-body Kondo features are not clearly
seen in the HS state. This is consistent with the fact that both
the bandwidth® and the band filling control the Kondo phys-
ics also in multiorbital systems, assuming, as we did in our
theory, fixed values of U and U’. Further, the shoulder origi-
nating from the Co-O covalent bonding at about —6 eV is
also affected by correlations. Here, virtual scattering pro-
cesses between the e, and 1,, bands along with multiorbital
Hartree shifts transfer spectral weight to higher binding en-
ergies.

The spin-state transition is accompanied by large changes
in the center of gravity ¢ of the Co 3d manifold. Defining
A= 5€g_ 5f2g as the value of the e,~1,, energy splitting,
within the LDA+DMFT (IPT) scheme, we obtain Ajg
=0.95 eV, a value which is in good agreement with LDA
(A=0.9 eV). Our results for the IS (A;4=-0.35 eV) and the
HS (Ayg=-1.64 V) indicate that the energy splitting not
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FIG. 3. (Color online) Partial density of states of the e, orbitals
for U=5.0 eV in the low-spin (solid), intermediate-spin (dotted),
and high-spin (dot dashed) states of LaCoOj.

just increases by magnitude but changes its sign during the
spin-state transition. The change in sign of A is an interesting
aspect of our theory and it might be the mechanism which
stabilizes the HS state at high temperatures. Finally, to high-
light the influence of the orbital splittings on the correlated
nature of different spin-states, in Fig. 4, we show the total
DOS (=2 aoPas) Obtained at T<0.01 eV. As seen in this
figure, the one-particle spectra span over large energy scales
despite of not too large changes in the corresponding orbital
occupations. This dynamical effect is characteristic of corre-
lated multiorbital systems and will have implications when
comparing theory with experiment (see below).

The effect of temperature in the HS configuration is
shown in Fig. 5. For fixed values of the ¢, and f,, orbital
occupation, the narrow (low 7) Kondo resonance decreases
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FIG. 4. (Color online) Low-T 3d LDA+DMFT total density of
states in the low-spin (solid), intermediate-spin (dotted), and high-
spin (dot dashed) states of LaCoOs.
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FIG. 5. (Color online) Partial density of states of the 1, orbitals
in the high-spin state for U=5.0 eV and different temperatures.

as temperature is increased, demonstrating the strength of the
multiorbital Kondo effect in the HS state. From the real part
of the one-particle self-energy (not shown) at 7=0.005 eV,
we find (92’ (0)/ 90| yoo=-T7. 57 leading to a mass en-
hancement in tile HS state of m"/m~8.6 at very low tem-
peratures. These properties have a natural interpretation in
terms of the multiorbital Kondo physics. Let us first recall
that coherent Kondo screening has never been the central
issue in cobalt oxides despite its strong thermoelectric
(power) response.*! Only recently attention has been given to
this effect in connection with Na,C00,.*? In LaCoOj;, the
controversy lies on the two-particle response, where neither
optical conductivity nor resistivity shows a clear Fermi lig-
uid response.’ (Such type of many-body response has been
observed in a host of correlated electron systems, and the
coherent state is usually suppressed for temperatures above
the Kondo temperature.) However, based on our results (Fig.
5), we conclude that the #,, one-particle spectra in the HS
state is characteristic of a Kondo system. The multiorbital
Kondo resonance shown in this figure is driven by strong
scattering processes involving the very narrow part of the 1,
spectra near half-filling. (This electron configuration follows
from the HS state.) Additionally, asymmetric screening pro-
cesses involving the e, and t,, manifolds, which are respon-
sible for the broad bands seen in Figs. 2 and 3, will be op-
erative to some extent. The emergence of the multiorbital
Kondo effect in the HS state provides a natural interpretation
for the high unusual thermoelectric response for LaCoOj3 in
the low Ca(Sr) doping regime.*' According to our results,
such an unusual response is induced by the strong enhance-
ment of the electron effective mass due to large Kondo
screening processes in the #,, orbitals.

V. COMPARISON WITH EXPERIMENT

We now compare our LDA+DMFT (MO-IPT) calcula-
tions to published experimental results,! with attention to
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FIG. 6. (Color online) Comparison of theoretical LDA
+DMEFT (IPT) calculations for the unoccupied part of the total one-
electron spectral function at different spin-state phases of LaCoO;
to the experimental results taken from Ref. 1 for XAS. The intensity
of the experimental curves is normalized to coincide with theory.

IPES. Comparison with PES spectra is not possible within
our approach. As explained below, this requires us to com-
pute the full one-particle local spectral function (total DOS)
including the oxygen bands, which is out of the scope of this
work.

In Fig. 6, our results for U=5 eV are compared with the
experimental work of Ref. 1. The intensity of the XAS is
normalized to coincide with theory. Good qualitative agree-
ment is observed in the LS state. Differently from the inter-
pretation given in Ref. 1, the main peak at 0.6 eV (529.2 eV
in experiment) is mainly due to the unoccupied f,, bands
since the e, band is located at higher energies (see Fig. 3 for
details). Therefore, within our scheme, we assign the single
contribution above the Fermi level in the LS configuration as
the 1,, upper Hubbard band. In the IS state, all 3d bands
contributed to the low-energy onset. We now identify two
peaks, where in experiment only one is visible. The lower
peak at 0.4 eV is mainly e,-like, while the second one at
1.06 eV is a combination of unoccupied e, and ,, subbands.
The 1,, contribution is higher in energy: this is the fingerprint
of strong multiorbital electron interactions in this sector,
which is enhanced in going from IS to HS state. In the HS
state, the upper Hubbard bands are found at 2.5 eV above the
Fermi energy. As expected within the DMFT framework, the
peak just above the Fermi energy has its origin in the coher-
ent Kondo scattering process, while that at higher energies is
the #,, Hubbard satellite.

Clearly, our result for the homogeneous HS state (dot-
dashed line) overestimates both the intensity and the energy
splitting of the HS peaks. In XAS, the splitting is 2 eV
smaller than the one predicted here.! However, a better fit of
the high-T spectra is obtained if one assumes the mixed-spin-
state scenario.'?” Within this scenario, we find qualitative
agreement with experiment by averaging the total spectral
function (pmtzptzg+peg) of different spin states using the fol-
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lowing ratios: LS:45%, 1S:30%, and HS:25%. For the HS
population, we employ a value similar to that predicted in
Ref. 27. With our choice for the IS and LS populations, good
agreement over almost the whole energy scale from 0=w
=3 eV is observed in Fig. 6. The low-energy component of
the one-particle spectra in the HS state has a large 7,, con-
tribution, in agreement with the analysis of Ref. 1. Based on
our results (Figs. 2 and 3), the peak 1 eV above the Fermi
energy (529.2 eV in XAS) is related to the unoccupied
mixed-spin state, where all spin configurations contribute in
this phase. The intensity of the experimental XAS data is
sensitive to the partial IS contribution. Our result differs
from the interpretation given in Refs. 1 and 27, where the HS
state is seen as a mixed-spin state composed of LS and HS
configurations. Here, we show that the IS contribution is
relevant for a concrete description of the XAS spectra in the
HS state. More experimental and theoretical work is needed
to resolve whether this can also explain the T dependence of
the full one-particle spectral function of LaCoOs.
Consideration of the spectrum for energies below the
Fermi level (PES) and for o>3.0 eV (IPES) is limited by
our restriction to the 3d sector. Since in our LDA+DMFT
calculations we have ignored contributions from the oxygen
bands, we cannot account for spectral weight changes at en-
ergies below the Fermi level. We also see that some spectral
weight is lost in the IPES spectra, possibly due to the lack of
La bands.'"!5 Thus, our work should be regarded as an at-
tempt toward a more concrete LDA+DMFT description of
the spin-state transition in LaCoOj5 and related compounds.
Finally, we shall notice that our work shares some similari-
ties with the theory of Ren et al. for NiO, a charge transfer
insulator with strong p—d hybridizations.*? Also interesting
in this context is the work by Kunes er al. for the same
compound.*? The outcome of these two LDA+DMFT stud-
ies is in very good agreement with the upper part of the
single-particle spectrum. The lower part seems to depend on
the tiny details of the one-body Hamiltonian and on how
one-electron degrees of freedom are implemented within the
LDA+DMFT scheme. To shed more light on the dynamical
responses of LaCoO; across the spin-state transition, future
LDA+DMFT studies should follow the strategy of Ref. 43 to
incorporate the oxygen p bands in the multiorbital problem.

VI. CONCLUDING REMARKS

In this work, we underline the importance of electron cor-
relations across the spin-state transition in LaCoOj5 using the
LDA+DMFT scheme. The spin-state transition is seen as a
smooth spin-state crossover accompanied by changes in or-
bital occupation in the e, and f,, sectors, strongly increasing
the energy splitting between the e, and #,, shells of the cobalt
ions. Our results support a metallic high-spin state and two
distinct insulating (low and intermediate spin) phases, con-
sistent with a host of experiments.'>%2* We obtain good
qualitative agreement with published inverse-photoemission
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data,' suggesting that similar ideas can be applied to study
thermal and optical responses as well as doping effects. The
fact that in the LS and IS states the Fermi level is lying in a
pseudogap valley indicates that LaCoO; is close to a Mott-
Hubbard insulator-metal transition, which can be induced by
changes in the 7,,—e, orbital occupation.

We have shown that the depopulation of the 1,, orbitals
strongly enhances the low-energy electronic degrees of free-
dom of the cobalt ions. In light of this result, one can argue
that the gain in entropy induced by spins and charge fluctua-
tions in the HS state spontaneously drives the spin-state tran-
sition. The entropy gain across the spin-state transition is
understood as follows. First, the depopulation of the 1,,
bands favors electron transfer between different orbitals
(both € and tzg) increasing local spin and charge fluctua-
tions in the Co®" ions.** Second, the he-€lectron hopplng
allows for virtual changes the ionic configuration from Co’*
to Co™ as the electrons hop to the neighboring cobalt sites
via oxygen. This dynamical electron motion between sites
and orbitals changes the total occupation of the local ions
increasing the charge and spin entropies,* explaining the
relation between temperature and the spin-state transition.
Taken together, it seems that the higher paramagnetic en-
tropy of the HS state is very important in driving the spin-
state transition in cobalt oxides***> and other transition metal
compounds.*®

To conclude, our results for the homogeneous HS metallic
state shows a Kondo-like response in the #,, sector, which so
far has not been experimentally detected. The lack of orbital
Kondo fingerprints in the HS quasiparticle spectra can be
explained in terms of an inhomogeneous distribution of vari-
ous spin states. In this peculiar regime, a particular spin state
became a mixture of two or, as we have shown, three differ-
ent spin configurations. This understanding is consistent with
the recent experimental study by Haverkort et al.,>” which
concludes that an inhomogeneous mixed-spin-state system
(made of LS and HS components) is formed at finite tem-
peratures. Notice, however, that a nonhomogeneous distribu-
tion of various spin configurations would be an intrinsic
source of disorder in the system, strongly determining both
spin and charge responses at intermediate and high tempera-
tures. To clarify this and the above issues, more experimental
and theoretical work is needed. In fact, it would be interest-
ing to search for new routes to a HS state keeping the mul-
tiorbital Kondo physics intact. This might be a thriving per-
spective for the next generation of thermoelectric cooling
materials, due to intrinsic low electric resistivity and high
(charge and/or spin) entropy of multiorbital Kondo systems.
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